INTRODUCTION
In the thymus, incoming lymphocyte progenitors encounter an inductive environment known to support intrathymic T cell development, which includes the Notch ligand Delta-like 4 (Dll4) 1, 2 , the cytokine interleukin-7 (IL-7) 3,4 and the chemokine CXCL12 5, 6 . However, how signals derived from these factors are integrated by a developing thymocyte to realize the T cell differentiation program remains to be elucidated.
T cell development is a highly ordered process typically characterized by the surface expression of CD4 and CD8, with the earliest T cell subset contained among CD4 -CD8 -, double-negative (DN), cells 7 , which can be further defined based on the expression of CD44, CD117, and CD25.
The most primitive CD44 + CD117 + CD25 -DN1 cell subset contains multipotent progenitors 8, 9 and expression of CD25 marks entry into the T-lineage specified DN2 stage 7 . Here, expression of recombination-activating gene-1 (Rag1) and Rag2 induces TCRβ, TCRγ, and TCRδ gene loci to rearrange V(D)J gene segments, which continues into the subsequent CD44 -CD117 -CD25 + DN3
stage, wherein thymocytes irreversibly commit to the T-lineage and are subjected to their first developmental checkpoint, β-selection 7, 10 . DN3 cells expressing a productively rearranged TCRβ chain with its partner pTα and CD3 form the pre-TCR complex that mediates passage across β-selection, resulting in rescue from apoptosis, cellular proliferation, TCRβ gene allelic exclusion, and differentiation of DN3 cells to the subsequent CD4 + CD8 + , double positive (DP), stage 10, 11 .
Intrathymic Notch signaling is initiated when the Notch receptor (Notch1) engages its ligand (Dll4), which leads to the transcriptional activation of Notch target genes 12, 13 . Notch signals induce adoption of the T cell fate in progenitors that enter the thymus 14 , and are essential for the survival, proliferation, and differentiation of DN thymocytes along the αβ-lineage, to the DP stage 7, 14 . Previously, our findings revealed that Notch receptor-ligand interactions are crucial for maintaining cell size, glucose metabolism, and survival of DN3 cells prior to the initiation of β-selection 15 . This was due to Notch signals supporting the activation of the phosphatidylinositol-3-kinase (PI3K) pathway, leading to Akt/PKB phosphorylation. In support of this notion, pre-T cells deficient in phosphoinositide-dependent kinase 1 (PDK1), an enzyme which phosphorylates and activates AGC serine kinases, including Akt 16 , were found to be unresponsive to trophic effects of Notch signaling. Despite these studies establishing the critical role for Notch in activating PI3K signaling in developing T cells, the identity of relevant targets
For personal use only. on January 13, 2018 . by guest www.bloodjournal.org From downstream of Notch responsible for bridging the two pathways remained unclear. Additionally, other signaling pathways mediated by IL-7R and CXCR4, known to promote PI3K/Akt activation were shown to act along with the pre-TCR during β -selection 5,6 ,17 .
Recent studies examining the role of Notch in T-ALL have implicated HES1 and c-Myc as critical targets of Notch signaling in leukemic cells 18, 19 . Furthermore, PTEN (Phosphatase and Tensin homolog), an inhibitor of the PI3K pathway, was found to be an indirect target of activated Notch1 in T-ALL cells, via an HES1-mediated repression of the Pten promoter 20 .
Together, these results suggested a potential mechanism for developing thymocytes by which Notch signaling supported the activation of the PI3K pathway, involving HES1 and PTEN as likely candidate genes. cells transfected for each of these shRNA constructs were generated.
OP9 co-culture and retroviral transduction
HES1 and dominant-negative HES1 constructs were kindly provided by Dr. R. Kageyama (Kyoto University, Japan) and Dr. A. Strom (Karolinska Institute, Sweden). Retroviral constructs were generated by subcloning cDNAs into MigR1, and stable retroviral-producing GP+E.86 packaging lines were generated for each construct. OP9-DL1, OP9-DL4 and OP9-Ctrl cells were produced and maintained as previously described 24 , and cultures were supplemented with 1 ng/ml mouse IL-7 and 5 ng/ml human recombinant Flt-3L (Peprotech 
Flow cytometry and cell sorting
All single-cell suspensions were stained with commercially available antibodies (BD Pharmigen and e-biosciences) and analyzed with a BD-LSRII flow cytometer, using Flowjo software (Treestar, Inc.). Dead cells were excluded from the analyses using DAPI gating.
Quantitative Real-Time PCR
Thymocyte populations were purified by flow cytometry or selection using magnetic anti-CD45 beads (Miltenyi Biotech). Total RNA was extracted using TRIzol (Invitrogen) and converted to cDNA using Quantitect Reverse Transcription Kit (Qiagen). Expression of the indicated genes was measured by quantitative real-time PCR using SYBR GreenER (Invitrogen). Primer sequences will be supplied upon request.
β -actin was used to normalize cycle thresholds. To more clearly evaluate the role of HES1 in early T cell development, we expressed a dominant-negative version of HES1 (dnHES1) 31 in DN3 cells. Importantly, a gene expression reporter assay confirmed that dnHES1 expression functionally repressed HES1 activity (Suppl. For personal use only. on January 13, 2018. by guest www.bloodjournal.org From protein levels (Fig. 2B) . Together, these results further confirm HES1's role as a repressor of PTEN expression in DN3 cells, and further support a mechanism by which Notch signaling influences PI3K pathway activation in thymocytes undergoing β-selection.
Immunoblots
We addressed the role of HES1 during T-lineage differentiation by retrovirally transducing fetal liver-derived HPCs to express dnHES1 and/or GFP (MigR1), and using flow cytometry to assess their ability to respond to Notch signals, in co-culture with OP9-DL4 cells 24 . Figure 2D -F shows that dnHES1-transduced HPCs displayed a reduced efficiency in T cell differentiation that is particularly noticeable by day 10 of culture, when over 6-times more control (MigR1)-transduced HPCs differentiated to the DP stage than dnHES1-transduced cells ( HES1 function is required for efficient β-selection.
To examine the specific role of HES1 in T cell differentiation at the β-selection checkpoint separately of its role in early proliferation and differentiation, HES1 function was manipulated at
For personal use only. on January 13, 2018. by guest www.bloodjournal.org From the later DN3 stage of development. To this end, DN3 cells were isolated and transduced to express dnHES1 and/or GFP (MigR1), and cultured on OP9-DL4 cells. Expression of dnHES1 resulted in a marked reduction in the number of cells reaching the DP stage of differentiation (Fig. 3A,B) . Additionally, DN3 cells transduced to express an shRNA targeting Hes1 when cultured on OP9-DL4 cells showed a similar decrease in their ability to develop to the DP stage, as compared to GFP (MigR1)-only transduced DN3 cells (Fig. 3C,D) . Furthermore, to more precisely examine the effect of interfering with HES1 function at the β-selection checkpoint,
Rag2
-/-DN3 cells were co-transduced to express dnHES1 and/or a rearranged TCRβ chain, and preTCR-induced differentiation was analyzed. As expected, in the absence of a TCRβ chain, For personal use only. on January 13, 2018. by guest www.bloodjournal.org From
DISCUSSION
In this study, we addressed the mechanism by which Notch signals mediate trophic effects at the β-selection checkpoint. Our lab recently showed that Notch-ligand interactions were crucial for maintaining PI3K/Akt pathway activity, leading to survival and glucose metabolism in DN3 cells. Despite these studies demonstrating a relationship between Notch signaling and the PI3K pathway, the precise mechanism for this interaction was unknown. Here, we find HES1, PTEN, and c-Myc as key molecular players downstream of Notch for the regulation of survival, differentiation and proliferation at the β-selection checkpoint (Suppl. Fig. 7 ).
PI3K signaling and downstream Akt/PKB activation is essential for the survival and metabolism of proliferating pre-T cells 15 Fig. 7 ). The functional interaction among these players was also observed in T-ALL 20 ,
highlighting the need for tight regulation of these interactions during normal T cell development.
This is achieved by the temporal regulation of Notch receptor expression after the β-selection 
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